Most mammalian cells do not divide indefinitely, owing to a process termed replicative senescence. In human cells, replicative senescence is caused by telomere shortening, but murine cells senesce despite having long stable telomeres 1 . Here, we show that the phenotypes of senescent human fibroblasts and mouse embryonic fibroblasts (MEFs) differ under standard culture conditions, which include 20% oxygen. MEFs did not senesce in physiological (3%) oxygen levels, but underwent a spontaneous event that allowed indefinite proliferation in 20% oxygen. The proliferation and cytogenetic profiles of DNA repair-deficient MEFs suggested that DNA damage limits MEF proliferation in 20% oxygen. Indeed, MEFs accumulated more DNA damage in 20% oxygen than 3% oxygen, and more damage than human fibroblasts in 20% oxygen. Our results identify oxygen sensitivity as a critical difference between mouse and human cells, explaining their proliferative differences in culture, and possibly their different rates of cancer and ageing.
Replicative senescence limits the proliferation of many cell types in culture and in vivo 2 . Human cells senesce replicatively largely because telomeres -DNA structures that cap chromosome ends -shorten and malfunction when replicated in the absence of telomerase, which most human cells do not express 1 . Senescent cells adopt a distinctive morphology and pattern of gene expression 2, 3 , a phenotype also induced by telomere-independent events 2,4 such as DNA damage and activation of certain oncogenes. The senescence response is thought to suppress cancer 2 .
MEFs are used widely in the study of replicative senescence, despite notable differences between human and rodent cells 1, 2 . MEFs spontaneously overcome replicative senescence (immortalization) 5, 6 , whereas human fibroblasts rarely do so. Moreover, MEF senescence relies predominantly on the p19 ARF /p53 tumour suppressor pathway, whereas human fibroblasts require loss of both p53 and retinoblastoma (Rb) tumour suppressor functions for immortalization 2, 7 . Furthermore, MEFs senesce after many fewer population doublings than human fibroblasts, despite having longer telomeres and constitutively expressing telomerase 1,2 . These differences suggested that MEFs senesce as a result of culture stress, the nature of which is unknown 8 .
Here, we compared the phenotypes of senescent mouse and human fibroblasts. We cultured MEFs from C57Bl/6 (or FVB; data not shown) mice under standard conditions, which include atmospheric (20%) oxygen (Fig. 1a) . As expected 5 , the cells grew well for approximately 1 week (2-3 population doublings) before proliferation began to decline. After 4-5 weeks (8-10 population doublings), the cultures senesced (arrow), showing no change in cell number for more than 1 week and a senescent morphology. Proliferation eventually resumed, owing to outgrowth of immortal variants 5 .
We monitored the capacity for DNA synthesis at each passage by labelling cells with 3 H-thymidine for 3 days and counting radiolabelled nuclei. As reported 9 , the percentage of labelled nuclei declined progressively (Fig. 1b) . However, it never fell below 25%, despite no increase in cell number at senescence (Figs 1a, b) . Thus, we conclude that some senescent MEFs synthesized DNA, possibly reflecting endoreduplication or unscheduled DNA synthesis. In contrast, senescent human fibroblasts completely cease DNA synthesis when analysed with the same assay 2, 10 . In addition, replicatively senescent human fibroblasts failed to express c-Fos when stimulated with serum 10 , but senescent MEFs fully retained c-Fos inducibility (Fig. 1c) . Thus, the phenotypes of senescent mouse and human fibroblasts are different.
Senescent MEFs resembled human fibroblasts induced to senesce by treatment with hydrogen peroxide, a strong oxidant 11 . As previously reported 11 , hydrogen-peroxide-treated human fibroblasts arrested growth, developed a senescent morphology and expressed senescenceassociated β-galactosidase 11 . However, despite no increase in cell number, the percentage of labelled nuclei was 30-40% and c-Fos remained inducible (Fig. 1d) . Retention of c-Fos inducibility was specific to hydrogen-peroxide-induced senescence. Cells induced to senesce by treatment with the DNA-damaging agent bleomycin 12 or through overexpression of p14 ARF (ref. 13 ) lost serum-inducible c-Fos expression (Fig. 1e) . These findings suggest that MEFs senesce as a result of oxidative stress.
To test this idea, we cultured MEFs in 3% oxygen. We found that they grew faster (doubling times 25 h in 3% oxygen versus 38 h in 20% oxygen) and reached higher saturation densities (4.9 × 10 3 cm −2 in 3% oxygen versus 2.4 × 10 3 cm −2 in 20% oxygen) in 3% oxygen (Fig. 2a) . Strikingly, cells showed no signs of senescence (Fig. 2a) . Rather, the cultures grew continually, reaching in excess of 60 population doublings. Similar results were obtained using MEFs from nine C57Bl/6 embryos, four FVB (data not shown) and eight C57Bl/6/129 embryos (see Figs 3b and Supplementary Information, Fig. S2d) . Although it is possible that some cells senesce in 3% oxygen and that minor strain-specific differences exist (see, for example, Supplementary Information, Fig. S2d ), in all cases MEFs grew with little evidence of replicative senescence in 3% oxygen.
MEFs cultured for many population doublings in 3% oxygen showed normal cell-cycle arrest after DNA damage. When we X-irradiated MEFs grown for 24 population doublings in 3% oxygen, the fraction of cells in S phase declined, similarly to their behaviour at early passage (Table 1) . MEFs constitutively expressed telomerase in 3% oxygen (data not shown), as reported for MEFs in standard culture 6 . Thus, when cultured in physiologically low levels of oxygen 14 , MEFs behaved like human fibroblasts expressing telomerase: that is, replicative senescence did not occur, but the cells retained normal growth control 1, 2 .
To further characterize MEFs cultured in physiological levels of oxygen, we passaged MEFs for 8, 13 or 19 population doublings in 3% oxygen and then shifted them to 20% oxygen. PD8 and PD13 cultures underwent 5-6 additional doublings, after which they senesced (Fig. 2b) . PD19 cultures slowed growth slightly, then proliferated similarly to controls maintained in 3% oxygen (Fig. 2b) . Thus, MEFs cultured in 3% oxygen remained sensitive to 20% oxygen for 10-15 population doublings, but eventually accumulated 20% oxygen-unresponsive variants. This finding suggests the occurance of a mutagenic or adaptive event in 3% oxygen that allows MEFs to overcome the 20% oxygen-triggered arrest.
To examine this event, we measured expression of p19 ARF and p16, growth-inhibitory tumour suppressors that upregulate p53 and Rb activity. Western blot analysis showed that early passage 3% oxygen cultures expressed low levels of p16 and p19 ARF and that levels rose with increasing passage (Fig. 2c) . Levels of p19 ARF were variable in later-passage 3% oxygen cultures, but remained inducible (see below). However, growth in 3% oxygen did not generally result in loss of p53 function (Fig. 2d-g and Table 1 ). After X irradiation, late-passage 3% oxygen cultures showed stabilization of p53 levels (Fig. 2d) , induction of p21 (Fig. 2e ) and reduced DNA synthesis (Table 1; percentage labelled nuclei not shown), which was p53-dependent. We expressed a dominant p53 inhibitor, GSE-22 (ref. 15) , in early and later-passage 3% oxygen MEFs and confirmed that it increased p53 levels, as previously reported 15 (see Supplementary Information, Fig. S1a ). Control cultures underwent cell-cycle arrest after X irradiation, but GSEexpressing cultures did not. Additionally, ectopic p19 ARF expression reduced DNA synthesis (percentage labelled nuclei) in four independent 3% oxygen cultures, but not in two immortal cultures that arose spontaneously in 20% oxygen (Fig. 2f) . Furthermore, expression of oncogenic Ras, which induces p19 ARF and p53 in early passage 20% oxygen MEFs 16 , induced p19 ARF and p53 in both early and later passage 3% oxygen MEFs (Fig. 2g) . Thus, although MEFs that spontaneously immortalize in 20% oxygen frequently lose p53 function 7 , most long-term MEF cultures in 3% oxygen retain p19 ARF and p53 regulation and function. Similarly, the Rb pathway seemed to be intact in long-term 3% oxygen cultures. Growth in 3% oxygen did not increase levels of Cdk4 or Cdk2 (see Supplementary Information, Fig. S1b ), which could, in principle, overcome the effects of high p16 levels ( Fig. 2c; refs 2, 4) . Moreover, serum withdrawal caused hypophosphorylation of Rb (Fig. 2h) and reduced DNA synthesis (see Supplementary Information,  Fig. S1c ) in all 3% oxygen cultures analysed. Hence, p16 and p19 ARF expression in 3% oxygen was not accompanied by obvious inactivation of Rb or p53. The ability to proliferate with high levels of p16 and p19 ARF may entail an adaptive response or mutation of an uncharacterized pathway that eventually allows proliferation in 20% oxygen (Fig. 2b) .
Studies of cells from Balb/c mice, which are deficient in several DNA repair pathways, has provided evidence of why MEFs senesce in 20% oxygen 17, 18 . Balb/c MEFs had an extended replicative lifespan in 3% oxygen (Fig. 3a) , but eventually senesced with a phenotype similar to other MEFs grown in 20% oxygen (see Supplementary Information,  Fig. S2a, b) . This extension of lifespan is unlikely to be caused by the Balb/c p16 polymorphism 19 , because p16-null MEFs senesce in 20% oxygen 19 , and, if the polymorphism conferred a proliferative advantage, Balb/c MEFs should proliferate longer than C57Bl/6 MEFs in 20% oxygen, which they did not (see Supplementary Information, Fig. S2c ). Thus, low oxygen delayed, but did not abrogate, senescence of Balb/c MEFs, implicating DNA damage in the replicative arrest of MEFs.
To test this possibility, we studied MEFs from mice lacking Ku80 or the DNA-dependent protein kinase catalytic subunit (DNA-PKcs), which are essential for DNA double-strand break repair by nonhomologous end joining 20 . Ku80 −/− MEFs senesced rapidly in both 20% and 3% oxygen (Fig. 3b) , whereas MEFs deficient in DNA-PKcs senesced rapidly in 20% oxygen, but grew continually in 3% oxygen (see Supplementary Information, Fig. S2d ). Cytogenetic analysis (see Supplementary Information, Table S1 ) showed that absence of Ku80 or DNA-PKcs increased the frequency of chromosome fragments in 20% oxygen, as previously reported 21 . In 3% oxygen, however, Ku80 − /− cells showed many more chromosome fragments than DNA-PKcsdeficient MEFs. Ku80 −/− MEFs also accumulated more chromosome fusions than DNA-PKcs −/− , but fusion frequencies were independent of oxygen tension. These data confirm that a deficiency of Ku80 results in more severe genomic aberrations than a deficiency of DNAPKcs 21 , probably because Ku80 participates in other processes, such as telomere maintenance 21 . They also suggest that deficits other than low DNA-PK activity 18 account for the finite lifespan of Balb/c MEFs in 3% oxygen. In contrast, Xpa −/− MEFs 22 , which lack nucleotide excision repair (thought not to be important for repairing oxidative DNA lesions), grew similarly to wild-type MEFs in both 20% and 3% oxygen (Fig. 3c) .
To understand the role of telomeres, we cultured MEFs from lategeneration telomerase-null (mTR −/− ) mice. mTR −/− MEFs senesced in 20% oxygen, as previously reported 23 , but did not senesce in 3% oxygen (see Supplementary Information, Fig. S3b ). Similarly to Ku80 −/− MEFs, mTR −/− MEFs accumulated telomeric fusions in both 20% and 3% oxygen (see Supplementary Information, Table S1 and Fig. S3b) . In contrast to Ku80 −/− MEFs, however, mTR −/− MEFs accumulated significantly fewer chromosome breaks in 3% oxygen when compared with 20% oxygen (see Supplementary Information, Table S1 ), and in this regard were similar to wild-type cells ( Fig. 4c ; also see Supplementary Information, Table S1 ). These findings suggest that telomere dysfunction is not a major cause of MEF replicative senescence. Rather, oxidative DNA damage, and the breaks and/or chromosomal aberrations it can produce 24 , is most probably responsible. To test this idea directly, we performed Fpg (formamidopyrimidine DNA glycosylase) comet assays, which measure oxidative DNA lesions 25 . C57Bl/6 MEFs passaged in 20% oxygen for 10-14 days accumulated 3-4-fold more oxidative DNA damage than parallel cultures passaged in 3% oxygen (Fig. 4a) . Little damage was detected in controls not treated with Fpg (Fig. 4b) . Strikingly, MEFs cultured in 20% oxygen accumulated threefold more damage than human fibroblasts cultured in 20% oxygen. Thus, there was a major difference between mouse and human cells in relation to their ability to handle oxidative stress. Immortal MEFs that emerged in 20% oxygen also had substantial DNA damage (Fig. 4a) . This suggests that immortalization in 20% oxygen, commonly caused by mutations in p53 or p19 ARF (ref. 7) , does not prevent DNA damage, but rather renders cells insensitive to it. Finally, MEFs cultured in 20% oxygen showed twofold more chromosomal breaks than MEFs cultured in 3% oxygen ( Fig. 4c ; also see Supplementary Information, Table S1 ).
Our data indicate that the replicative senescence of MEFs is a consequence of severe oxidative stress, which causes extensive DNA damage. Although MEFs are telomerase-positive, this damage limits their replicative lifespan, as the presence of telomerase cannot rescue cells from senescence caused by non-telomeric stimuli 4, 11, 26 . Thus, MEFs proliferate indefinitely, as expected of telomerase-expressing cells 26 if severe oxidative damage is avoided. In addition, our finding that mTR −/− MEFs do not senesce in 3% oxygen, in contrast to telomerase-negative human cells, is most probably caused by the ability of mouse chromosomes to stabilize telomeres in the absence of telomerase until alternative telomere maintenance pathways are induced 23, 27 . One stabilization mechanism is p-arm fusion to generate metacentric chromosomes, which allow late-generation mTR −/− MEFs to undergo in excess of 250 population doublings in 20% oxygen 23, 27 . We detected metacentric chromosomes in mTR −/− cultures, which may explain their failure to senesce in 3% oxygen.
In conclusion, our findings reconcile an apparent discrepancy in the behaviour of many mouse and human cells in culture. They also show that mouse and human cells differ markedly in their sensitivity to oxidative stress. This difference is manifest in their proliferative capacity and the steady state levels of DNA damage in 20% oxygen. We suggest C57Bl/6 MEFs were cultured in 3% oxygen for the indicated number of population doublings. Cells were either unmodified (none), infected with control retrovirus (pBABE) or infected with retrovirus expressing GSE-22 (pBABE-GSE), a dominant-interfering peptide that inactivates p53 function 15 . Cells were either mockirradiated (control) or X-irradiated (4.5 Gy), then harvested 14 h later, stained with propidium iodide and analysed. *Two independent PD24 cultures were analysed.
that the superior ability of human cells to prevent or repair oxidative DNA damage contributes to the major differences in the incidence of cancer and the rate of ageing between mice and humans.
METHODS
Mouse embryo fibroblast isolation and cell culture. Ku80 −/− (1295vEvBrd/C57Bl/6) 28 , DNA-PKcs −/− (C57Bl/6/129) 29 , mTR −/− (C57Bl/6J/129) 23 , Xpa −/− (C57Bl/6) 22 , C57Bl/6, FVB and Balb/c mice were used to isolate MEFs as follows: torsos from 13.5-day embryos were washed and minced in 2 ml PBS using a syringe and an 18-guage needle. After straining to remove large fragments, the suspension was placed in a 25-cm 2 flask containing DMEM, 10% foetal calf serum (FCS), 50U ml −1 penicillin and 50 µg ml −1 streptomycin, buffered with bicarbonate and incubated in 10% CO 2 plus 3% or 20% oxygen, adjusted using an oxygen sensor and regulator and nitrogen source. After 2 days, cells that grew from tissue fragments were transferred to 75-cm 2 flasks and cultured to 90% confluency. From this enriched fibroblast population, 5 × 10 5 cells were sub-cultured in 75-cm 2 flasks and considered as passage 1 and PD0. Each culture was derived from a single embryo and passaged at 5 × 10 5 cells per 75 cm 2 every 3-4 days or at approximately 80% confluency. Cell number was determined and population doublings calculated at each passage, as previously described 26 . Proliferative capacity was measured by labelling for 3 days with 3 H-thymidine and counting labelled nuclei (percentage labelled nuclei) 26 . At least two independent cultures and 500 cells were counted for each determination. Where indicated, subconfluent cultures were incubated in DMEM containing 0.5% serum for 3-4 days and stimulated with DMEM containing 15% serum. Pre-senescent (percentage labelled nuclei, >65%) human fibroblasts were obtained and grown as described 26 . Flow cytometry. Trypsinized cells were fixed in 75% ethanol and stored at 4°C. After centrifugation, pellets were treated with 1 mg ml −1 RNase A (Sigma) for 30 min at room temperature, washed with PBS and stained with propidium iodide (10 µg ml −1 ) for 1 h. DNA content was analysed using a BeckmanCoulter (Miami, FL) EPICS XL fluorescence-activated cell sorter and Flowjo software. To assess DNA damage checkpoints, MEFs were processed before and 14 h after X irradiation (4.5 Gy).
Western blot analysis. Proteins (30 µg) were analysed by western blotting, as previously described 10 . Primary antibodies were M-156 for p16, pAb240 for p53, F-5 for p21 (Santa Cruz Biotechnology, Santa Cruz, CA), Ab-2 for c-Fos, Ab-1 for α-tubulin (Calbiochem, San Diego, CA), ab80 for p19 ARF (Abcam, Cambridge, UK), 610001 for Ras and G3-245 for Rb (Pharmingen, San Diego, CA). Secondary antibodies were detected by ECL or ECL plus (Amersham, Piscataway, NJ).
Retroviral infection. p-BABE-puro, pBABE-p19 ARF , pLXSN-p14 ARF , pBABE-GSE22 and pBABE-Ha-Ras G12V vectors were used to produce retrovirus, as previously described 26 . Proliferating cells (30-50% confluent) were infected for 8 h on two successive days, with a 16-h interval and medium change between infections. After 48 h, 3 H-thymidine was added for 1 h and cells were processed for autoradiography, as described 26 , or cells were selected in puromycin (2 µg ml −1 ) for 4-5 days and expanded in antibiotic-free medium. Lysates were obtained 14 days after infection.
Comet assay. An Fpg-FLARE (fragment length analysis using repair enzymes) comet assay kit was used in accordance with the manufacturer's instructions (Trevigen, Gaithersberg, MO). This kit specifically detects oxidative DNA lesions such as 8-oxo-2′-deoxyguanosine and formamidopyrimidines. Images of 50 randomly chosen nuclei per sample were captured using a CCD camera coupled to an epifluorescence microscope. Comet tail lengths were measured using the comet macro from the NIH public domain image analysis program 30 . For each experimental point, four independent cultures were analysed. Average tail lengths were calculated for buffer controls and Fpg-treated samples.
Oxidative DNA damage was estimated by subtracting the mean tail length of the control from that of the Fpg-treated sample (normalized mean tail length).
Cytogenetic analysis. MEFs were treated with colcemid (0.1 µg ml −1 ) for 4 h, trypsinized and centrifuged at 120g for 8 min. After hypotonic swelling in sodium citrate (0.03 M) for 25 min at 37°C, the cells were gradually fixed in methanol:acetic acid (3:1). Cell suspensions were dropped onto clean wet slides and dried overnight. Fluorescence in situ hybridization (FISH) with a Cy-3-labelled (CCCTAA) 3 probe (Applied Biosystems, Foster City, CA) was performed as described 21 . Cy3 and DAPI images from 50 metaphases were acquired with a Zeiss Axioplan2 epiflourescence microscope (Zeiss, Thornwood, NJ) and Axiocam colour digital camera, and analysed in a blinded fashion. The telomeric Cy3 image was superimposed on the DAPI image to accurately score chromosomal aberrations, as described 21 , using the ImageJ software package (http://rsb.info.nih.gov/ij).
Note: Supplementary Information is available on the Nature Cell Biology website.
